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ABSTRACT

The metallurgical basis for high damping in Fe-Cr-based

alloys was investigated. Two alloys similar to VACROSIL-010

were studied, with compositions of 84.7 Fe-ll.44 Cr-2.91 Al

and 84.8 Fe-ll.65 Cr-2.92 Mo. The strain dependence of

specific damping capacity (SDC) was evaluated using a

modified version of the resonant dwell technique. Heat

treatment variations were introduced by annealing in argon

gas at temperatures between 9500 C and 11000 C and then

furnace cooling. Cantilever beam specimens were evaluated

for SDC at their first three resonant modes (0-1,000 Hz) at

room temperature. Changes in damping capacity were

correlated with the results of tensile hysteresis testing

and dilatometry.
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I. INTRODUCTION

A. GENERAL

The U.S. Navy is currently investigating the reduction

of noise and vibration in both submarine and surface ship

design. For both platforms it is desirable to remain

quieter than ambient noise to minimize detection. It is

also important to minimize noise interference with one's own

sensors. Noise reduction may also improve component fatigue

life and reduce hazards to personnel due to high ambient

noise levels.

Schetky and Perkins [Ref. 1] list three primary methods

of reducing noise and vibration:

1. Isolation of the sources (moving parts) and the
surrounding surfaces that can radiate energy.

2. Dissipation of the energy transmitted through the
structure, using isolation pads.

3. Construction of structural or machine components
themselves from energy absorbing structural materials.
These high damping materials would serve the dual
purposes of structural support and noise abatement.

The problems inherent in the first two methods are that

resilient mounts, hangers, and encapsulating shrouds take up

space, add weight, and increase the complexity of

maintaining the system. Method three can eliminate these

problems, but design with high damping materials is an

uncertain and potentially difficult matter at present. For

one thing, the mechanisms of damping are not well
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understood, and the influence of important factors such as

temperature, strain, heat treatment, and deformation are

incompletely characterized.

The U.S. Navy is currently quite interested in

investigating the damping properties of commercial high

damping alloys, including correlations between the relevant

microstructural and physical properties.

B. OBJECTIVES

High damping alloys have been investigated for over 40

years, yet information on the damping properties of Fe-Cr

and other ferromagnetic high damping alloys is relatively

limited [Ref. 2]. A new alloy has been introduced

commercially by Vacuumschmelze, G.M.B.H. (VAC), of Hanau,

West Germany. This alloy has the registered trade name of

VACROSIL-010, with two diverse compositions, Fe-Cr-Al and

Fe-Cr-Mo (this latter a corrosion-resistant grade) [Ref.

3]. The alloys used in this study were not VACROSIL per se

(i.e., were not supplied by Vacuumschmelze, G.M.B.H.), but

rather were "clones" of the two alloy versions. These two

versions of the alloy will be referred to in this report as

"Fe-Cr-Al" and "Fe-Cr-Mo." The corrosion resistant version

is of particular interest for marine applications.

The purpose of this research is to continue to explore

the damping characteristics of these alloys from a

metallurgical point of view. The following objectives

guided this research:

2



1. To assemble a damping test apparatus and develop
standard, reproducible test procedures.

2. To determine the effect of heat treatment on the
relationship between applied strain and damping
capacity under random vibration conditions.

3. To analyze and compare the physical properties of the
Fe-Cr-Al and Fe-Cr-Mo alloys.

4. To attempt to correlate the damping capacity with
phase changes using a dilatometer.

5. To investigate possible pseudoelastic effects at low
levels during tensile loading.

C. BACKGROUND

All materials exhibit an ability to dampen the

propagation of energy. However, in most metals the damping

capacity is quite low, on the order of 1% to 10%. Recently,

alloys have been developed with damping capacities well in

excess of 10%. These high damping ("quiet metal") alloys

show good potential for use in noise and vibration control

applications.

These alloys include Mn-Cu-based alloys; ferromagnetic

alloys from the Fe-Cr, Fe-Co, and Co-Ni system; and shape

memory alloys from the Ti-Ni, Cu-Zn-Al, and Cu-Al-Ni

systems. Research on these systems has led to the

introduction of various commercial alloys for high damping

applications. From the Mn-Cu system has come the alloys

called "INCRAMUTE" (International Copper Research

Association) and "SONOSTON" (British Stone Marine Manganese

Ltd.). SONOSTON has been used for ships propellers in

3
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Europe while INCRAMUTE has been used for noise reduction in

tools and machinery.

Several ferromagnetic alloys have been introduced

commercially, including "SILENTALLOY" (Toshiba Co.),

"TRANQUALLOY" (Nippon Steel Co.), "VACROSIL" (Vacuumschmel-

zer G.M.B.H.), and "NIVCO" (Westinghouse). These alloys

show promise for vibration control in automobiles and

electrical machinery.

Recent research at the Naval Postgraduate School has

included work on SONOSTON [Refs. 4,5], INCRAMUTE (Refs.

2,5], and a VACROSIL-type alloy [Ref. 6]. This study

continues the investigation of VACROSIL-type alloys.

The damping mechanism for the Fe-Cr-based alloys has

been shown to be based primarily on the ferromagnetic

properties of the alloy [Refs 3,7-14]. In particular,

de Batiste [Ref. 8] states that the damping is related to

the interaction of the applied stress field and the domain

boundaries. He also relates the effects of varying

parameters such as temperature, amplitude, frequency and

field strength on damping capacity.

The present research investigates the effects of heat

treatment and strain on damping of two Fe-Cr-based alloys.
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D. DAMPING MECHANISMS

1. Macrostructural Damping

a. Parameters

The dissipation of energy by a material is known

as damping. The energy loss per cycle divided by the peak

potential energy is defined as the specific damping capacity

(SDC) [Ref. 15:p. 70]. Several parameters are used to

describe vibration damping.

(1) General Equation. For a simple model of a

linear system with one degree of freedom and viscous

damping, the general differential equation is of the form

[Ref. 15:p. 25]:

mx + cx + kx = F (1.1)

where:

m = mass

c = viscous damping coefficient

k = spring constant

F = excitation

x = displacement

x and x = the first and second derivatives of
displacement with respect to time.

(2) Natural Freauency (wn) .

Wn = (k/m)1/2  (1.2)

5



The mode 1 resonant frequency is called the

natural frequency. The characteristic response for the

first three modes is shown in Figure 1.1.

(3) Critical Damping Factor (Cc- [Ref. 15:p.
27].

Cc = 2 mwn (1.3)

(4) Damping Ratio of (c) [Ref. 15:p. 27].

= c/Cc (1.4)

If the excitation (F) is represented in the

complex form (Fiwt) and c = 2m2nC, then the steady state

solution to Equation 1.1 is of the form [Ref. 16:p. 130]:

x = Xei(wt - ) = Fiwt/[(k-mw2 ) + iwc] (1.5)

(5) Logarithmic Decrement (6).

a m in(ai/ai+l) (1.6)

The logarithmic decrement is defined as the

natural logarithm of the ratio of any two successive

amplitudes of vibration. Greater accuracy can be obtained

if the ratio of two amplitudes n cycles apart is used [Ref.

17 :p. 68]. The logarithmic decrement is now expressed as:

6
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MODE 1

MODE 3

Figure 1.1 Characteristic Response of Cantilever Beam
to First Three Modes of Excitation
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6 = 1/n ln(ai/ai+n) (1.7)

(6) Normalized Bandwidth.

Normalized bandwidth = (w2-wl)/wn (1.8)

The normalized bandwidth is the width of

the resonant peak at 0.707 (V2/2) times the peak amplitude

normalized by its associated resonant frequency (Figure

1.2). The stored energy is half its maximum value at this

point.
-1i

(7) Internal Friction (0 ).

Q- = (2-l)/n = 2C (1.9)

The normalized bandwidth is also known as

the internal friction. It is analogous to the damping or

energy loss in an electrical system [Ref. 18:p. 445].

(8) Ouality Factor (0).

Q = wn/(ut-w1) (1.10)

The quality factor is the inverse of the

normalized bandwidth. It is a measure of the sharpness of

the resonant peak [Ref. 15:p. 76].

8
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(9) Phase Angle Pa).

tan a =(1/n) ln(ai/ai+i) (.1

The phase ange is the angle by which the

strain lags behind the stress in cyclic loading. The

tangent of the phase angle, can be taken as an index of

energy loss [Ref. 15:p. 495]. If damping is small, i.e.,

<< 0.5), then,

tan a 6/ 7T 2 C (1.12)

(10) Specific Damping Capacity OSDC) [Ref. 18:p.
444).

2 2 2
SDC =(ai+l - ai)/ai (1.13)

Again if << 0.5), then

SDC(%) = 200ntQ-1  (1. 14)

(11). Regbonant Frecruencv wLn) .

wn (an 2 (EI/Mk 4) 1 / 2  (1. 15)

This is the natural frequency of the nth

mode of a cantilever beam [Ref. 15:p. 464), where:

10



E = Young's Modulus of Elasticity

I = moment of Inertia

m = mass density per unit length

Z = vibrating length of the beam

8nZ = values for several vibration modes (n) for
a clamped-free beam. [Ref. 15:p. 466]

nf (n)

1 1.8751 3.5160

2 4.6941 22.0345

3 7.8548 61.6972

b. Measurement Method

Damping measurements in Fe-Cr-based alloys have

been made with an inverted pendulum apparatus or a

cantilever beam; usually under free decay conditions [Refs.

9-11,19]. A cantilever beam method was developed by Bolt,

Beranek, and Newman, Inc., known as the single cantilever

beam resonant dwell method [Ref. 20]. It is used to

determine stress and frequency dependence of material

damping over a frequency range of 25-1,000 Hz. The method

indirectly determines the loss factors of simple structural

elements by measuring their response to excitation at modal

frequency.

In this method, the simple structural element is

a thin section cantilever beam clamped to a weighted bar.

The bar is connected to a random vibration generator at one

11



end and a heavy support frame at the other. The vibration

input is measured by an accelerometer on the clamp at the

base of the sample. The system tip deflection (response) is

measured by a microscope focused on the tip of the beam.

The beam tip is illuminated by a stroboscope.

This method was modified by Professor Y.S. Shin

of the Naval Postgraduate School, wherein the system

response is measured by an accelerometer at the beam tip.

The signals of the input and output accelerometers are

compared by a spectrum analyzer to produce the system

transfer function. Strain response of the beam is measured

by a strain gage placed at the first nodal point of the

beam. A sample specimen is illustrated in Figure 1.3.

2. Microstructural Damping

The microstructural effects and interactions within

a material result in damping. The phenomena associated with

high damping in cyclically stressed crystalline materials

are:

a) disloat'on damping

b) interphase boundary damping

c) phase change effects.

The primary mechanism of damping in ferromagnetic materials

is the magneto-mechanical hysteresis effect, a type of

interphase boundary damping, described by de Batiste [Ref.

8]. The application of a mechanical or magnetic stress

causes the domains which are favorably aligned to the stress

12
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to grow preferentially to those domains not so favorably

aligned. An increase in stress may cause a rotation of the

magnetic moment vector within the domains toward the stress

direction. Both effects increase the net magnetic moment of

the sample [Ref. 18].

If the stress is supplied by an external force, the

energy is used to rotate the domains. Therefore it is not

all transmitted, resulting in damping. Prestressing the

sample may result in larger aligned domains that do not

rotate under the given stress, in which case less external

energy may be absorbed and damping is decreased.

E. METALLURGY OF THE IRON-CHROMIUM ALLOY SYSTEM

1. Physical Properties

Stainless steels are divided into three main

classes: ferritic, austenitic, and martensitic. The high

damping Fe-Cr-based alloys are closely related to ferritic

stainless steels. Ferritic stainless steel consists of an

Fe-Cr alpha (a) solid solution with a body centered cubic

(bcc) crystal structure. The alloy contains very little

dissolved carbon, mostly as finely divided chromium carbide

precipitates. The chromium content varies from about 12 to

30 weight percent. The alloy remains ferritic (bcc) up to

the melting point [Ref. 21:p. 5-2].

The binary Fe-Cr phase diagram (Figure 1.4) shows a

so-called gamma (y) loop extending from about 0 to 12%

chromium and temperatures from 8500 C to 14000 C.

14
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A

When the alloy coordinates are moved to within the

gamma loop the alloy undergoes a phase change to the face

centered cubic (fcc) form. An expanded view of the gamma

loop is shown in Figure 1.5. The gamma loop is separated

from the alpha region by a narrow two-phase band. The size,

shape, and extent of the gamma loop can vary considerably

with the proportions of ferritic stabilizing elements (such

as chromium) and austenitic alloying elements (such as

carbon and nitrogen) [Ref. 21:p. 5-2].

A three-component phase diagram for Fe-Cr-Mo is

shown in Figure 1.6. Here we may notice that several

intermetallic phases are possible. The most significant of

these is the chi (X) phase; a cubic structure of approximate

composition Fe3 6Cr12Mo10 or Fe3CrMo [Ref. 221.

Some disadvantages of ferritic stainless steels are

their poor machinability, poor weldability, high notch

sensitivity and their susceptibility to embrittlement. The

advantages of ferritic stainless steels include good damping

properties and good corrosion resistance. Some of the

corrosion resistance and ductility are lost after exposure

to high temperatures, but this can be alleviated somewhat by

alloying with molybdenum.

2. DamDing Properties

The primary mechanism of damping in ferromagnetic

alloys is associated with magneto-mechanical hysteresis

16
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(domain boundary) damping. In this, the inhibition of

motion of the domain walls is the determinant of damping

capacity and factors that affect the domain wall mobility

will directly affect the damping capacity.

A temperature increase reduces magnetic

permeability. Heating above the critical (Curie)

temperature results in a random orientation of the domain

boundaries and a transformation of the material from

ferromagnetic to paramagnetic. This was originally

considered to be a beta (a) phase of iron, but since the

structure remains body centered cubic throughout this range,

it is now considered a transformation within the alpha (a)

phase [Ref. 18:p. 455).

The amplitude of applied strain also affects the

damping capacity, causing an increase to a maximum value.

Beyond that value, increasing stress will cause a decrease

in damping.

Residual stresses that block domain mobility will

tend to adversely affect damping capacity. Schneider, et

al. [Ref. 12], report that, "damping capacity is strongly

deteriorated by cold work. A reduction of > 5% completely

destroys the damping effect; however, it can be fully

restored by a succeeding heat treatment."

Magnetic fields cause preferential growth of the

domain walls along the line of the applied field. The

domain walls become progressively less mobile with

18



increasing field strength and the damping capacity of the

material is correspondingly reduced. Damping capacity

disappears at magnetic saturation at about 100 A/cm [Ref.

12].

19



II. EXPERIMENTAL PROCEDURE

The David W. Taylor Naval Ship R&D Center (NSRDC),

Annapolis, Maryland supplied partial ingots from two

different Fe-Cr-based alloys. The ingot sections as

provided were approximately 12.75 in. x 3.5 in. x 1.625 in.

Bulk analysis, supplied with the ingots, was performed by

Luvak Inc. of Boyleston, Ma. (Report number 0-1500): Their

findings are presented in Table 1.

Dilatometer samples were machined from the ingots in

accordance with Reference 23, Section IV. The tests were

conducted on an Orton Automatic Recording Dilatometer Model

15 BC-1. All tests were performed in a flowing argon gas

atmosphere.

Tensile specimens were machined from the ingots as per

Reference 24. The tests were performed on an Instron

Universal Testing Instrument Model TT-D. Specimens were

tested to fracture directly or were subject. to cyclic

loading. The load on the cyclic samples was increased in

steps until plastic deformation occurred. Then the samples

were pulled to fracture. All samples were tested at room

temperature at strain rates of 0.641 x 10- 3 sec -1 .

Damping specimens were machined to the specifications of

the modified Resonant dwell technique [Ref. 20]. Strain

20



TABLE 1

BULK ANALYSIS OF ALLOYS (WT%)

Element Sample 1 Sample 2

Fe 84.9 84.7

Cr 11.61 11.7

Mo - 2.92

Al 2.89 0.002

C 0.007 0.006

N 0.0011 0.0009

0 0.0019 0.020

S 0.004 0.005

Ni 0.006 0.006

B 0.002 0.002

Ca 0.0018 0.0016

Si - 0.011

Remainder 0.576 0.626
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gages were attached at the three model points (Figure 1.3).

Specimen dimensions are listed in Table 2.

The various specimens were annealed for one hour in a

Lindberg Hevi-Duty Type 54253 tube furnace, at temperatures

of 9500 C, 10000C, 10500 C, and 11000 C. All specimens were

annealed and furnace cooled under flowing argon gas. The

samples were stored at room temperature.

A new testing apparatus was developed and used for the

damping capacity measurements. This apparatus was based on

a Spectral Dynamics SD-380 Signal Analyzer providing a 40

kHz broadband noise signal to an MB Dynamics Inc. Model

2125MB amplifier which then drove an MB Dynamics Inc. Model

PM-25 Vibration Exciter. The PM-25 oscillated an

instrumented cantilever beam specimen. One end of the beam

was free and one was clamped. Acceleration of the beam base

and tip were provided to the SD-380 Signal Analyzer by two

Endevco Model 2250A-10 accelerometers via Endevco Model

4416A signal conditioners.

Strain measurement was provided to the SD-3C0 Signal

Analyzer by Measurements Group Inc. strain gages (model CEA-

13-250UN-350) via a Measurement Group Inc. bridge amplifier

meter (BAM-1). The BAM-1 and the SD-380 were calibrated to

give a direct reading of microstrains.

The interference to mode one excitation low strain

frequency response reported in References 2 and 6 was also
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TABLE 2

SDC SPECIMEN DIMENSIONS

Heat Thickness Width Vibrating Length
Treatment (in) (in) (in)

Fe-Cr-Al

1100 0.083 0.503 7.02

1050 0.083 0.502 7.03

1000 0.081 0.502 7.03

950 0.803 0.504 6.87

Fe-Cr-Mo

1050 0.084 0.508 7.02

1000 0.084 0.512 7.03

950 0.084 0.506 7.01
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noticed here. The amplifier as well as the shaker may be

contributing to this.

A block diagram of the system is given in Figure 2.1.

In some of the following figures reference is made to

test specimens by their local designations which are as

follows:

The first letter indicates the material; A--aluminum

(Fe-Cr-Al) or M--molybdenum (Fe-Cr-Mo).

The second letter indicates the sample usage; T--tensile

specimen, D--dilatometer sample, B--SDC beam, etc.

The number in the third position is the number of the

sample. For example: AT-4 is the fourth tensile sample of

Fe-Cr-Al, and MB-2 is the second SDC beam of Fe-Cr-Mo.
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III. RESULTS AND DISCUSSION

A. DILATOMETRY

In a previous study of an Fe-Cr-Mo alloy by 0-Toole, an

unusual variation in damping properties for a 10000C

anneal/furnace cooled specimen was noticed when compared to

the same alloy when annealed at other temperatures. In

particular, SDC was less than expected and tensile

properties were higher. It was postulated that the

difference might be due to a phase change taking place,

perhaps related to an interaction with the gamma loop (see

the Fe-Cr phase diagrams, Figures 1.4, 1.5) or perhaps due

to the intermetallic chi phase (see the ternary Fe-Cr-Mo

diagram, Figure 1.6). Optical examination by O'Toole showed

what could be some slight second phase formation at the

grain boundaries of furnace cooled specimens (absent in

water-quenched specimens). This second phase was assumed to

be the chi (X) phase. However, no direct correlation

between this sort of microstructure and damping capacity was

determined, and O'Toole recommended further investigation,

such as via dilatometry [Ref. 6].

Dilatometric investigation in the present work showed a

slight change in slope at about 7500 C, but certainly not the

characteristic "notch" in the length vs. temperature plot

which would indicate a distinct phase change. A typical

26

Kafi fill1 1111111 11101



dilatometric plot (for the Fe-Cr-Al alloy) is shown in

Figure 3.1. A similar slope change is seen for the Fe-Cr-Mo

sample (Figure 3.2). For comparison purposes, the plot for

a sample of pure iron is presented in Figure 3.3, wherein an

obvious phase change occurs in the vicinity of 9100 C, as

predicted in the equilibrium phase diagram (Figure 1.4).

Various dilatometric scans were performed with

variations in the following parameters: heat treatment,

heating rate, cooling rate and soaking time at maximum and

intermediate temperatures. In all cases the results closely

followed those illustrated, with no distinct evidence of a

phase change over the temperature range scanned (180 C-

11000 C).

B. TENSILE TESTING

1. Tests to Fracture

The method of tensile testing to failure used by

O'Toole (Ref. 6] was modified to accommodate the tendency of

these rather large-grained Fe-Cr-based alloys to fail to

break cleanly under load. The large-grained samples tend to

develop a mottled, dimpled appearance at the onset of

necking, and further loading typically produces longitudinal

cracks. These cracks separate into individual longitudinal

strands with a cable-like appearance, and the individual

strands then break in sequence. The resultant stress strain

curves show a long slow decline after necking punctuated by

vertical dips as each strand breaks, and the
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stress level nearly reaches zero before the final strand

parts.

In order to eliminate the maximum elongation error

due to these effects, the final fracture point on all curves

was arbitrarily taken to be at a strain (beyond necking)

corresponding to 0.75 times the ultimate tensile strength

(UTS). The resulting stress-strain curves are presented in

Figures 3.4, 3.5, and 3.6 and the strength vs. ductility

data are presented in Table 3. Ductility was measured by

taking 100 times the charted strain distance (the distance

from the tangent to the elastic slope of the curve to the

point of 0.75 times the tensile strength less the elastic

portion of the curve) divided by the magnification factor

(the chart speed divided by the cross-head speed) times the

gage length.

ec
cf x 100 = Ductility (3.1)

mag- £

As a comparison another measure of ductility, the percent

elongation, was calculated using the standard gage length

formula.

zF -Q oF x 100 = % elongation (3.2)

0

As can be seen in Table 3, these methods agree quite closely

for the aluminum samples, but not as well for molybdenum

samples.
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TABLE 3

STRENGTH AND DUCTILITY FROM TENSILE TESTS

Heat Yield
Treatment Strength UTS Ductility Elongation

(ksi) (ksi)

Fe-Cr-Al

1100 37.18 45.12 24.12 26.15

1050 36.44 41.40 16.54 14.62

1000 37.54 39.88 15.46 16.92

950 37.15 42.57 19.93 19.33

Fe-Cr-Mo

1050 33.66 49.44 28.43 36.15

1000 32.05 44.02 16.19 25.38
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Of great interest was the elastic nonlinearity

reported previously by O'Toole [Ref. 6]. This was noticed

again in the present work and will be discussed in more

detail later. However, for the purposes of simply showing

the basic strength and ductility mechanical properties, the

nonlinear portions of the curves, at low stress, have been

omitted in the presentation of Figures 3.4-3.6. Since the

nonlinearity was much more significant for the molybdenum

samples, the figures in Table 3 would be in closer agreement

if the nonlinear portion had been added to the charted

strain distance (ecf) in the ductility equation (Equation

3.1).

2. Tensile Hysteresis Testina

Low strain cyclic tensile hysteresis loading tests

were conducted on representative specimens from each heat

treatment. Each sample was alternately loaded to and un-

loaded from 100, 250, 500, 750, and 1000 lbs in succession.

Loading-unloading was continued in steps to 1500 and 2000

lbs until plastic deformaticn occurred. Once plastic defor-

mation had commenced, the loading was continued until frac-

ture. Distinct nonlinear "elastic" behavior was observed

for both aluminum and molybdenum samples. Initially, these

effects were suspected to be due to the imperfect stiffness

and clearance in the specimen grips. In order to test this

possibility, relatively larger steel samples were loaded and

unloaded to 5000 lbs. In these a very minor degree of

36



nonlinearity was observed and it was determined that grip

effects are saturated at a loading of only about 10 lbs

(about 0.2 ksi stress). This could account for a portion of

the low strain nonlinearity observed in the Fe-Cr-Al alloy

samples, but for the Fe-Cr-Mo alloy samples, the behavior

was much more complex.

For the Fe-Cr-Mo samples, the nonlinear region ex-

tends over a much wider range, corresponding to loads of

about 75 lbs (stress of about 1.5 ksi). Roughly subtracting

a proportion of this attributable to grip effects still

leaves a significant degree of nonlinear response. In addi-

tion, all the Fe-Cr-Mo samples showed a sharp load drop

followed by a gradual rise in this nonlinear elastic region.

The load drop was repeated in subsequent loadings of a given

sample. For this reason, and because the Fe-Cr-Al alloy

samples did not display this load-drop phenomenon, it seems

unlikely that this was due to the grips themselves (the

grips are threaded). The load drop was observed only on

loading, not on unloading.

The tensile hysteresis load-unload curves are pre-

sented in Figures 3.7-3.15. In these the vertical scale is

in engineering stress (ksi) and the horizontal scale is

relative strain (x 10-3). The individual curves in the

various load sequences are arbitrarily placed along this

relative strain scale in order to provide a better means of

comparison of the slope changes of the various curves. This
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of course does not imply an actual strain offset between

results from the various curves. However, on the plots

where a set of variously heat-treated specimens are co-

plotted, a direct strain comparison is possible for the

curves which are originating from a common (relative) strain

point. Once again, the points of origin (of the sets) were

placed arbitrarily to separate the curves.

In interpreting the relative "resistance to strain"

from these plots, we refer to the horizontal displacement of

the near linear (near vertical) section from the point of

origin, with higher "resistance to strain" corresponding to

a smaller distance. Using that basis of comparison, the

various samples have been ranked from higher relative

resistance to lower relative resistance. These results are

presented graphically in the figures and are summarized in

Table 4.

Figures 3.7 to 3.15 also provide a comparison of the

slopes of upper portions, showing that, in general the slope

(modulus) increases with increasing stress.

Figures 3.16 to 3.336 were also derived from the

tensile load-unload hysteresis tests. These figures have

been contrived in order to provide a visual comparison of

the slopes of the stress strain curves. Each line

represents the slope of a tangent line to the stress strain

curve near the maximum load point, indicated by the bold

portion of the line. The bracketed, bold sections in these
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TABLE 4

TENSILE HYSTERESIS TESTS--RESISTANCE TO STRAIN
(Ranked from High Resistance to Low Resistance)

100 lbs 100 lbs 250 lbs 250 lbs 500 lbs 500 lbs
Loading Unloading Loading Unloading Loading Unloading

Fe-Cr-Al

1050 1050 1050 1050 1000 1050

1000 1000 1000 1000 1050 1000

950 950 1100 950 1100 950

1100 1100 950 1100 950 1100

Fe-Cr-Mo

1050 1050 1050 1050 1050 1050

950 1000 1000 1000 1000 1000

1000 950 950 950 950 950
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plots represent the actual section of the stress strain

curve which coincides with this tangent line. The vertical

axis is engineering stress (ksi) and the horizontal scale is

relative strain (x 10-3).

It is important to note that what is being presented

in these figures is the slope of the upper portion of the

stress-strain curve only. The presentation should not be

taken to mean that all the curves originated from the (rela-

tive) zero strain point. In addition, as presented earlier,

all the curves were actually quite nonlinear at low

stresses; a feature which has been omitted in the present

figures.

It is significant to note the continuously increas-

ing slopes (moduli) of both the loading and unloading

curves, as the material apparently becomes more resistant to

strain with increasing stress levels. In addition,

typically there was a very rounded shoulder at the top of

the unloading curve; this is represented in the presentation

of Figures 3.16 to 3.36 by the distance between the highest

represented stress-strain point (circle) and the upper limit

of the bold, bracketed section of the tangent curve (the

upper bracket). For clarity, the slopes of the loading

curves are presented as solid lines; slopes of the unloading

curves are presented as dashed lines.
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sample is displaced downward and to the right, corresponding

to lower peak SDC, the peak occurring at a higher strain.
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C. DAMPING CHARACTERISTICS

In his investigation of an Fe-Cr-Mo alloy, O'Toole [Ref.

6] reported a significant difference in the damping capacity

of the 1000 0 C furnace cooled sample as compared to the other

furnace cooled specimens (see Figure 3.37). Specifically,

the 10000 sample required higher strain to activate the

damping mechanism and the maximum specific damping capacity

was significantly less.

To relate this to results of the present investigations,

Figures 3.38 to 3.41 present the relationship of specific

damping capacity (SDC) to average peak strain for the Fe-Cr-

Al alloy, and Figure 3.42 is a composite of these. These

results indicate no significant difference due to heat

treatment- temperature for furnace cooled Fe-Cr-Al alloy

specimens. In fact, the 10000 curve is slightly displaced

to the lower strains, an effect opposite to that reported by

O'Toole for an Fe-Cr-Mo alloy at 1000 0 C heat treatment. In

addition, the peak SDC is approximately the same as the

other samples.

Results from the Fe-Cr-Mo alloy investigated here (which

was not exactly the same ingot material as used by O'Toole)

are presented in Figures 3.43 to 3.45, showing the

relationship of SDC to average peak strain. These curves

are combined in Figure 3.46. Consistent with O'Toole's

results, the data for the alloy when heat treated at 10000 C
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IV. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

1. A phase change in the furnace cooled Fe-Cr-Mo alloy
was not detected by dilatometric measurements.

2. It has been demonstrated that a pseudoelastic effect
is present for all furnace cooled tensile samples.
This effect was more pronounced for the Fe-Cr-Mo alloy
than for the Fe-Cr-Al alloy.

3. During tensile hysteresis testing, increasing strain
levels produced a corresponding increase in the
apparent elastic modulus of the sample.

4. Both Fe-Cr-Al and Fe-Cr-Mo have high damping
capacities under cyclic loading after being annealed
and furnace cooled. This damping capacity is very
strain dependent.

5. The somewhat lower level of damping capacity previous-
ly reported for a 10000C furnace cooled Fe-Cr-Mo alloy
was reconfirmed.

B. RECOMMENDATIONS

The following recommendations are proposed for further

research and study on high damping Fe-Cr-Al and Fe-Cr-Mo

alloys.

1. Further investigation of pseudoelastic effects,
through low strain tension-compression testing, should
be carried out.

2. Damping measurements should be taken over a wider
temperature range, conforming to anticipated operating
conditions.

3. The effects of damping at higher strains, higher
strain rates, and for longer periods of time, should
be studied.

4. Detailed microstructural analysis should be carried
out via transmission electron microscopy.
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5. The effects on damping capacity of various cooling
rates should be studied further.
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